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Abstract
Tape casting is used to produce thin layers of ceramic-loaded polymers for
electronic packaging. his project focused on two aspects of tape casting:
(1) the measurement of plasticizer concentration across tape thickness, and
(2) the examination of drying behavior and green tape densities for three
different polymer to plasticizer ratios.
A high resolution method was developed to measure the ratio of plasticizer
(Benzyl Butyl Phthalate) to binder (Poly(vinyl butyral)) as a function of
position within ceramic green tapes. Diamond microtome sections, 07 trri
thick, were taken parallel to the surface of the tape. Each section was
analyzed using Fourier transform infrared microspetroscopy (TIR-M to
measure the absorption intensity of unique absorption bands for the
plasticizer and binder. 'Me plasticizer concentration as a function of depth
from the tape surface was determined by measuring the absorption intensity
of each band. The measurements are the first high resolution composition
measurements performed on tape cast sheets. We have discovered by
using this tool, that common polymer-plasticizer combinations forrn two-
phase mixtures. We have also demonstrated that solubility limits correlated
with the solubility parameter for the plasticizer.
The purpose of the second study was to find an optimal way to process the
green tape, so that dewetting and pores could be controlled. he study
emphasized the relationship between the ratio of the binder to plasticizer
and the densities of cast tapes. We have made the first in situ density
measurements of a drying tape. There was less porosity in the green tape
with the higher polymer to plasticizer ratio. Dewetting and porosity could
be eliminated tinder slower drying rate.
Thesis Supervisor: Dr. Michael J Cima
Title: Associate Professor of Ceramics
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CHAPTERI
INTRODUCTION
Tape casting has been used to produce thin layers of ceramic-loaded
polymers for multilayer ceramic (MLQ structures, such as electronic
packaging 1. Organic binder systems used in the electronic packaging are
critical to the final products, and they have to be completely removed prior to
the sintering. The binder system of the ceramic tape has to provide the tape
with high tensile and yield strength, sufficient flexibility for handling and
machining, dimensional stability over time, and a uniform and reproducible
shrinkage during binder removal and sintering 2 A binder system which
satisfies these requirements should include a long chain polymer to provide
strength to the film, a plasticizer to increase the flexibility, and a deflocculant
to ensure a uniform dispersion of the ceramic powder. Proper selection of the
binder and plasticizer is very important for successful multilayer fabrication.
Many different types of binders have been used, but the most common ones for
electronic applications are acrylic and polyvinyl butryal resins.
Most tape-casting processes start with a milling procedure to
thoroughly mix the plasticizer, binders and ceramic powder. The mixed slurry
is ready to be conditioned for the actual tape-casting process. Most tape
casting processes are based upon continuous casting machines where the
doctor blade is stationary and the casting surface is moving. Dried tapes are
then cut to size, punched with via holes, screened with metallic paste and
laminated together to form multilayer greenware.[21
A major problem in the electronic packaging is the difficulty for precise
dimensional control, which is critical for MLC manufacturing. Most
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projections suggest that dimensional requirements will increase as the
complexity and the size of the package increase. Shrinkage variations within
0.2% linear and camber within 0. 0 I "fin. are often specified 3 This variation
is complicated by the use of many processing steps. Other problems in
electronic packaging include retention of carbon in fired products, delamination
and defects such as voids and cracks.
Structural inhornogenity can also exist in tape cast ceramic sheets, such
as a density gradient across the tape thickness 4 The inhomogeneity in the
green sheets tends to be amplified during the binder removal and the firing
processes 5. he resulting Inhornogeneous shrinkage creates stresses which
result in defect formation.
Ile origin of the above problems must be related to the microstructure
of the green tape. Few experiments have been reported to our knowledge that
describe the microstructure of the tape and its relationship to the processing
conditions. Therefore, in this project, we will study the relationship between
processing and microstructure of tape cast green sheets. We will focus on two
problems: density of the green tape, and the composition gradient in the green
tape.
The first problem rises because most ceramic packaging is produced so
that the final ceramic structure is near full density . Thus, variation in
shrinkage is largely caused by variation in the component green density.
Similarly, camber can be caused by variation in packing density through the
thickness of the green sheet. This study will enhance control of dimension and
camber. The eason for the second study is that structural homogeneity
requires that a the phases be uniformly distributed throughout the tape. We
discovered that blends of binder and plasticizer may be immiscible and exhibit a
two phase morphology. As a result, plasticizer distributes unevenly across the
15
green tape thickness. Such a phase separation will result different
microstructure across the green tape thickness, and thus, complicate the MLC
manufacturing. The study of plasticizer gradient across the green tape win
help us to understand the cause of camber and delamination. This will help in
the development of new ceramic fori-ning operations and new binder systems.
This thesis starts with a literature review (Chapter 2 which includes
tape casting, drying, microton-ling and phase separation. Plasticizer distribution
across ceramic green sheets are described in Chapter 3 In this study, we win
introduce a method for measuring composition gradients on a scale that has
never be done before for green tapes. We will show the discovery that
common polymer - plasticizer combinations fon-n two-phase mixtures. We will
also demonstrate the solubility limits correlate with the solubility parameter for
the plasticizer. Chapter 4 is devoted to the relationship between the binder to
plasticizer ratio and the density of cast tapes. This is also the first time insitu
density measurements of a drying tape is made. The major conclusions of this
project are given in Chapter 5, followed by industrial application and
suggestions for future work.
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CHAPTER 2
BACKGROUND
In this chapter, we will review other studies on tape casting and drying.
Some common techniques used for analyzing the microstructures of polymer
blends will also be described.
2.1 Tape Casting
Tape casting has been used to produce thin layers of ceramic-loaded
polymers which can be stacked and aminated into multilayered structures.
Today, cast tapes find wide use in making multilayer chip capacitors and in
other electronic components, such as then-nistors, ferrites, inductors, and
piezoelectrics 1.1.
2.1.1 Green Tape Components and Their Functions
The organic additives in the tape-casting systems are: solvent,
dispersing agent, binder and plasticizer. Their functions are summarized as
follows:
Solvent: the solvent dissolves the other organic materials and
distributes them unifon-nly throughout the slurry. It carries the ceramic
particles in an ordered dispersion. As solvent evaporates, the green sheet made
up of organic-ceramic composite on the substrate become dense.
9 Dispersing agent: The dispersant coats the ceramic particles
and keeps them in a stable suspension in the slurry due to steric hindrance and
electric repulsion. With aluminum oxide and most other oxides it has been
found that Menhaden fish oil and glyceral trioleate are effective dispersants.
Hyatt 2 concluded that non-nally, as much as 3 n-d of dispersant may be used
for each 100 g of inorganics.
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* Binder: the binder dissolves in the solvent and enhances its
viscosity to fon-n a slurry. As the solvent evaporates, the binder-coated
ceramic particles bond together to fon-n a strong dense green tape. The
temporary binder is used to fon-n an adhering film around the inorganic
particles. Yan 3 suggested that Polyvinyl butyral (PVB) and various acrylic
polymers are used commonly for this purpose.
*Plasticizer: the plasticizer structurally expands the binder and
improves the distribution of the binder in the slurry. Properties of the binders
may be changed by selected use of a plasticizer. It also makes the green tape
flexible. The common plasticizers include butyl benzyl phthalate (BBP), and
polyethylene glycol (PEG) 3].
Roosen et al 4 suggested that the non-optimized use of these organic
additives can have disadvantages, e.g. density gradients, low green strength,
poor shrinkage reproducibility, crack fon-nation during sintering, and physical
and chemical inhornogenities.
2.1.2 Tape Casting Procedures
Most tape-casting processes start with a milling procedure. The first
stage of milling produces a low viscosity slurry by breaking down powder
agglomerates and uniformly distributing a dispersing agent in the solvent. In
the second stage, the plasticizer and binder are dissolved into the
solvent/ceramic slurry.
After the slurry has been thoroughly n-dxed, it is ready to be
conditioned for the actual tape-casting process. The conditioning procedure
consists of de-airing by a vacuum. Chong et al [51 concluded that standard
vacuums which are used are in the range of 635 to 710 mmHg. The viscosity
of the slurry usually range from 1000 to 5000 mPa for standard tape
formulation 6].
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Most tape casting processes are based upon continuous casting
machines where, the doctor blade is stationary and the casting surface is
moving. For laboratory operations, batch casting with a mobile doctor blade
and stationary casting surface can be used.
Thickness control is a function of several parameters which can be
adjusted, including slurry viscosity, casting carrier speed, doctor-blade gap
setting, and reservoir depth behind the doctor blade. Chou et al 7 suggested
that the ratio of blade gap setting to final dried green tape is approximately 2 .
'Me tape can be either rolled onto a spool after drying for use in a roll-
to-roll process or stripped and cut into integral lengths for use in a subsequent
procedure. Figure 21 is a schematic of the tape casting process 81.
2.2 Drying and Density Measurement
2.2.1 Drying
The layer of slip dries slowly while it is carried through the machine on
the substrate. Filtered air is blown through the machine in a direction opposite
to that of the moving slip. This arrangement allows dry air to come in contact
with dried tape at the exit end. Moreover, air passes through the length of cast
tape and gets saturated with solvent vapor before coming in contact with
freshly cast tape at the other end. The difference in solvent content between
the slip and the air controls the rate of solvent evaporation, allowing the
remaining solvent in the slip layer to redistribute itself with only a small vertical
gradient of concentration. This small gradient of concentration tends to
minimize the cracking of the slip as it dries.
A two-stage drying process of cast tapes is observed by Mistler et al [8].
The first stage of drying proceeds at a constant rate, and the second stage at a
gradually decreasing rate as shown in Figure 22. In either stage of drying, the
solvent must move through three consecutive steps of transport: (1) solvent
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flows vertically through the slip to the surface, 2) solvent then evaporates at
the surface, and 3) solvent vapor is swept away at the surface. In Step I the
slip is still fluid and solvent is easily transported through it by liquid diffusion
or capillary action. The drying rate in Step 2 is limited by the inflow of heat
required to supply the latent heat of vaporization. Step 3 can also be slow due
to the accumulation of nearly saturated vapor at the surface. A constant rate is
usually observed in Step .
2.2.2 Density Measurement
The density of unfired tape (often called the green" density) is an
important parameter for characterizing a tape-casting process. The green tape
density measurement can be useful in detecting poor packing of the powder or
in detecting excessive polymeric binder content.
Mistler et al (81 have developed a method to determine the bulk green
density. The volume measurement could be made with a flat-faced micrometer
caliper, provided about 15 thickness measurements were taken and averaged.
The same volume could be obtained by using mercury porosimeter.
Typicalbulk densities for the Alun-fina tapes produced were 25 to 26
g/cc. The use of porosimeter reported some degree of permanent penetration
of the tape by the mercury, proving that there was some open porosity.
However, the weight gain due to Hg absorption could not be used as a
quantitative separation of porosity from compressibility because some mercury
flows back out of elastic porous materials when the applied pressure was
removed. The weight gain is only a qualitative test, but nevertheless it is a
definite indication of unoccupied space in the original tape.
Karas et al 9 determined green density of cast BaT403tape from
geometrical measurements using a thickness gage accurate to 00025 mm on a
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carefully cut 1-cm2 section. They also concluded that there was little effect of
binder to plasticizer ratio on the powder packing density.
2.3 Microtome
Urtramicrotomy is a technique of producing sections of materials thin
enough for examination under the electron microscope. It has been used
successfully to study all types of plant and animal tissue and other materials
such as metals, plastics, synthetic fibers and even samples from the moon.
Ile production of sections by ultran-licrotomy involves a type of
cutting action similar to that used in the machining of metals. A prepared
specimen is moved past a cutting edge so that a thin layer of the material is
sliced off. Considerable friction is encountered as the section moves down the
sectioning facet of the blade, but this becomes almost negligible if water is
present at the knife edge. The slice then floats easily onto the liquid surface,
and will straighten out if it is allowed to float freely on the surface. In the ideal
situation, the section would be exactly the same size and shape as the face of
the specimen block from which it is cut. However, in practice the sliced piece
is not an entire cross section of the specimen block. Figure 23 101 is a
schematic of the microtoming process. As shown in Figure 24 101, as the
slices are produced they will adhere to one another along one edge forming
"ribbons".
Goodhew 111 suggested that in ultramicrotomy, as in both machining
and normal microtomy, variations of the knife angle and clearance angle win
affect the amount of stress introduced into the material and thus vary the
quality of the results. Other factors influencing the quality of the sections are
the speed of the cut, the temperature, and the sharpness of the cutting edge.
The production of good sections is dependent on finding the optimum
conditions for the material under observation.
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2.4 Phase Separation
Blends of two or more polymers are often used to combine the desired
physical properties of each polymer to obtain an improved product. The
polymers, when blended, may be thermodynamically miscible, exhibiting a
single phase morphology, or the polymers may be immiscible and exhibit a two
phase morphology. The most common instruments used to study the
multiphase polymer structures are: microscopic instruments and differential
scanning calorimeter (DSQ 121. McBrierty 131 has conducted studies by using
nuclear magnetic resonance (NMR) to test the multiphase behavior. In the
following sections, we will introduce these two most conu-non techniques.
2.4.1 Microscopic Techniques
There are ranges of general techniques used to provide useful
information relating to polymer microstructures. A listing of the more
commonly employed optical and electron icroscopy techniques is shown in
Table 21 141 with type of features that are commonly imaged, the size range of
the structures and typical magnifications. Optical microscopy and transmission
electron microscopy (TEM) will be introduced in the following sections.
Optical Microscopy
Optical microscopy techniques are useful in providing a rapid overview
of structures in relation to the whole specimen. Phase contrast and Nomarski
techniques provide differentiation in multiphase polymers where small
differences in refractive index can provide information regarding the dispersed
phase size and distribution.
Sawyer et al 141 summarized the advantages of this technique: Optical
microscopy is shown to provide a rapid and informative overview. Sample
preparation is minimum. Samples for optical study are not placed in a vacuum,
as with electron microscopy, and thus volatiles are not removed. Beam
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damage, which is common in electron icroscopy of polymers, does not occur
in an optical microscope. It also provides less chance of artifacts in the
preparation of a thin section for optical study than in the preparation of an
ultrathin section for TEM.
The limitations of optical microscopy are the limited resolution,
magnification range and a decreasing depth of field with increasing
magnification. Tadokoro [151 suggested that the resolution limit is on the order
of 02 gm; and the magnification limit is 2000x.
TEM Techniques
Fundamental polymer characterizations generally involve the
application of TEM techniques. They offer the best image resolution of a of
the microscopy techniques and structural infon-nation relating to crystallinity
and crystallite sizes. Dispersed phase structures can often be observed and
quantified over size range from less than 10 nm up to I tm.
The disadvantages associated with the use of TEM are: high capital
expenditure, time consuming in specimen preparation, and two dimensional
image interpretation. There are two reasons for the time consuming nature of
the specimen preparation for TEM: the specimens must be extremely thin (50
nm thick), and extra steps are often required to increase the contrast in
polymer specimens (section 24.2). Most of the methods for producing
ultrathin sections are tedious such as ultramicrotomes with diamond knives for
sectioning (section 23). Image interpretation is difficult due to variation of the
specimen in the vacuum and under the electron beam, and artifacts caused by
sample preparations.
2.4.2 Staining
Image contrast in TEM is the result of variations in electron density
among the structures present. Since most polymers are composed of low
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atomic number elements, they exhibit little variation in electron density. As a
result, TEM micrographs of multiphase polymers often do not provide enough
contrast to image the phase clearly. One of the most common methods which
has proven useful in contrast enhancement is staining, by the addition of heavy
atoms to specific structures.
Staining involves the incorporation of electron dense atoms into the
polymer, in order to increase the density and thus enhance contrast. Staining
of polymers can. be conducted either before or after microton-ling. The sample
is immersed in the stain solution or exposed to the vapor.
The most common staining method is osr-nium tetroxide (S04)
staining, introduced by Andrews and Stubbs 161, who stained unsaturated
synthetic rubbers. Such technique reveals the nature of the dispersed phase
domains of multiphase polymers. Osmium tetroxide reacts with the carbon-
carbon double bonds (Figure 25) in unsaturated rubber phases enhancing the
contrast in TEM by the increased electron scattering of the heavy metal in the
rubber compared to the unstained matrix. The reaction is slow, often taking
days to weeks. The high vapor pressure Of S04 is beneficial, making vapor
staining of sections viable; however, this vapor pressure, combines with the
toxicity of the stain, makes it very dangerous to use.
Several two step reactions have extended the range of OsO4 staining to
materials that cannot be stained directly. For example, alkaline saponification
at boiling temperature followed by reaction of the hych-oxyl groups with S04
was used to study poly(vinyl chloride)/ethylene-vinyl acetate systems. Kanig
[171 has developed a staining method for butyl acrylate rubber by treatment with
hydrazine or hydrozylanime and post staining with SO4, which works for
polymers containing acid and ester groups. The Os is deposited after the ester
is reduced by the hydrazine (Figure 26).
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Exhibit 28 shows an example of microscopy techniques and sO4 stain
methods for polymers. Phase contrast optical icroscopy (Figure 2.7a) 141
and TEM of a stained cryosection (Figure 27) 141 all show dispersed phase
particles in a matrix.
2.4.3 DSC Technique:
The glass transaction temperature is the main characteristic temperature
of the amorphous solid and liquid states. A liquid becomes a solid on cooling
through the glass transition temperature. The microscopic process involved is
the freezing of large-scale molecular motion without change in structure. The
glass-liquid transition occurs at a recognizable "transition temperature"
because of a rather large temperature dependence of the relaxation time for
large-scale molecular motion. The reported Tg is the temperature measured at
the onset of the glass transition. A blend with a single Tg is defined as miscible
and one with two Tg's was defined as being immiscible.
DSC is the most common instrument used to measure Tg of polymers.
Two types of DSC instrument have been widely used: the heat-flux DSC (e.g.
DuPont 910 DSQ and the power-compensational DSC (Perkin-Elmer and
Setarurn 11) [181. The theory of DSC can be explained with the differential
temperature loop. The signals representing the sample and reference
temperatures are fed to the differential-temperature amplifier via a comparator
circuit, which determines whether the reference or the sample temperature is
greater. he differential-temperature amplifier output then supplies power to
the reference or sample heater as necessary to correct any temperature
difference between them. A signal proportional to this differential power is
also transmitted to the pen of the recorder, giving a curve of differential power
versus time or temperature. The area under a peak is then directly
proportional to the thermal energy absorbed or liberated in the transition.
26
As an example of the above application, Massie et al 191 conducted
DSC studies as shown in Figure 28. Traces of polyisoprene/polybutadiene
and polybutadiene/Polybutadiene immiscible blends exhibiting two Tg's.
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Figure 2.7a Phase contrast of a stained cryosection through optical
microscope showing dispersed phase particles in a matrix
(Ref 14).
Figure 2.7b Phase contrast through TEM of a stained cryosection.
showing dispersed phase particles in a matrix (Ref. 14).
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Figure 28 DSC traces of polyisoprene/polybutadiene and
polybutadiene/polybutadiene immiscible blends exhibiting
two Tg's (Ref. 14).
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Type Features Size range Mastnification
Optical
Bright field Macro-microstructures, color, I cm - 02 gm IX-100OX
homogeneity
Polarized light Spherulitic textures I cm - 0.2gm 5OX-1200x
phase contrast Phase variants, refractive I cm 0.2 gm 30%-1200x
index differences
Conventional
electron
Scanning (SET) Surface topography I cm -5 nm lOx-50000x
Backscatter Atomic number contrast 100 g. 0 nm lox-1000OX
Transmission Internal morphology, lamellar 0.1 mm 03 nm 3000x-5000000x
I Structures and crystallinity
STEM Internal morphology and 10 gm -Inm 300x-300000x
I crystallinity
Tablell Usting of microscopy techniques (ref 9)
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CHAPTER 3
PLASTICIZER DISTRIBUTION WITHIN CERAMIC GREEN
TAPES
3.1. Introduction
Tape-casting is a well-known ceramic forming technology and has been
widely applied to the production of thin ceramic sheets. The primary
components ofthe ceramic sheets are polymer binder, organic plasticizer and
ceramic powder. Blends of binder and plasticizer are often used to obtain
desired physical properties. Low molecular weight diluents are often blended
with polymers to increase flexibility by shifting the glass transition to a lower
temperature. 'Me mixture, when blended, may be thermodynamically miscible,
exhibiting a single phase morphology, or the mixture may be immiscible and
exhibit a two phase morphology. Differential Scanning Calorimeter Ill and
Nuclear Magnetic Resonance relaxation measurements [21 have been used to
study the phase diagram of several blends which exhibited phase separation
behavior.
One related study 3 in this field concerned inhomogeneity and
anisotropy of tape cast ceramic films for multilayer structures. A significant
result of this study was that shrinkage and camber during annealing was higher
in the tape casting direction than in the transverse direction. Another related
study 4 was on binder thermolysis on the diffusivities of dialkyl phthalates
(DAP) in plasticized binder. The results of this study demonstrated that the
distribution of binder and the kinetics of the removal process were intimately
coupled. The development of a penetrating porosity during the initial stages of
binder removal as a result of capillary redistribution could reduce the path
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length over which species must diffuse to a length scale on the order of the
particle size.
Mistler et al. [51 showed binder burnout TGA curves for thin sections
cut from the top and bottom of the tape (Figure 3 ). They proposed that the
difference between the curves was due to segregation during iring. They
suggested that if segregation of the solids and organics took place as a result of
settling, there would be large difference in binder content from top to bottom.
Thus, they believed that the uniformity observed was a good measure of the
degree of deflocculation, even during the drying state.
No detailed study has been done on the inhomogeneity of composition
across the green tape thickness. herefore, we have developed a method to
measure the ratio of plasticizer to binder as a function of position in green tape.
Diamond microtome sections, 07 [im thick, were taken parallel to the surface
of the tape. Each section was analyzed using Fourier transform infrared
microspetroscopy (FI'IR-M) to measure the absorption intensity of unique
absorption bands for the plasticizer and binder. The plasticizer concentration
as a function of depth from the tape surface was determined by measuring the
absorption intensity of each band. The measurements are the first high
resolution composition measurements performed on tape cast sheets.
Composition inhomogeneity across the tape thickness is evidence of polymer
plasticizer immiscibility for PVB-BBP systems.
3.2 Experimental Procedure
The binder (PVB) used in this study has a molecular weight range of
90,000 to 120,000g/mol (B-76 6 The chemical structure of PVB is shown
in Figure 32: The plasticizer (BBP) used in the study has the chemical
structure shown in Figure 33. We chose 03 as the ceramic powder,
because A'203 has no absorption peak in the wavenumber region under study.
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A doctor blade was used to cast A203-PVB-BBP tape, which was
then dried. Two drying rates used in this experiment were = (linear air
flow rate = feet/min), and = 200 (linear air flow rate = 200 feet/min). The
dried tape thickness varied from 130 trn to 150 tm. The composition of the
green tape can be summarized in Table 3 .
A piece of green sample was first epoxied with Epofix "' for eight
hours. It was then polished to 02 mm in diameter for icrotoming A
diamond knife was used to microtome the sample parallel to the surface of the
tape from the top to the bottom (sample A). A second sample was taken from
the tape immediately next to sample A and was n-ticrotomed bottom to top
(sample B). The third sample was obtained 10 cm from the previous two and
was also microtomed (sample (Figure 34). Each thin slice was 07 tm
thick. hese thin slices were collected on round Pyrex silver mirrors and
carefully recorded so that the measurements of each slide could be indexed
with position in the tape.
181The sliced thin fUms were examined at room temperature by MR
The silver mirror underneath the sample enhanced the signal to noise ratio of
the reflected IR beam. he IR spectra of the films were collected in the
reflectance mode for 30 scans at a resolution of 4 cm- The aperture was set
to a circular area of 10 [tm in diameter. These conditions remained the same
for the rest of the experiments. Plots of peak intensity vs. wavenumber were
obtained. he relative band ratio of C=O (at wavenumber 1720 cm- I) to C-H
band (at wavenumber 2870- 1) was measured. Plasticizer concentration as a
function of position in green tape was plotted.
Binder PVB-B-76 was replaced by B-79 which has a lower molecular
weight (50,000 g/mol to 80,000 g.mol) 6]. According to the composition ratio
as shown in Table 3 1, Green tape with B-79, BBP and All-03 was cast.
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Several PVB-BBP films (without A1203) were cast at different
polymer to plasticizer ratios on silver mirrors for calibration purposes. These
thin films were first spin dried and then placed in vacuum at the room
temperature to remove any remaining solvent. The final thickness of the PVB-
BBP films was approximately gm. These films were also examined at room
temperature by FTIR, and relative peak ratios of C=O/C-H were obtained. A
calibration curve relating the peak ratio and the plasticizer concentration was
plotted.
Three PVB-BBP films (with 40 vol. % BBP, 35% vol. BBP and 30%
vol. BBP) were also cast to thickness 80 m by using a doctor blade. These
films were also microtomed to 07 gm thin slices and were examined by FITR-
40 vol. % PVB-BBP film was cross section microtomed to 07 m
thick. he thin slices were collected on the copper grids and the samples were
stained in s0,j vapor for half hour. The ester functional group in the
plasticizer reacted with the S04 as shown in Figure 26. As a result,
plasticizer density was increased and its contrast relative to the binder was
enhanced. TEM micrographs were obtained in order to study the top to
bottom microstructure variation of the sample.
Dioctyl Phthalate, Dibutyl Phthalate and Dimethyl Phthalate with
different solubility parameters (defined in section 33) were used to replace
BBP in the green tapes. These green tapes were also microtomed and
examined under TIR. Plots of C=O/C-H ratio as functions of tape depth
were obtained.
3.3 Observations
Figure 35 is an IR spectra representative of the PVB-BBP tape. The
pertinent IR frequency range for those films is between 3000 to 1700 cm
The following absorbence bands are observed in this range: CH3 at 2960 cm-
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I -I - I -CH2 at 2870 cm- ,and C=O at 1720 cm . The band at 1720 cm is present
only in films which contain BBP since the ester content of PVB is quite small.
The intensity of the 1720 m- I band is measured in the absorbency units and is
linear with respect to the concentration of the plasticizer. The band at 2870
cm-1 has contributions from both plasticizer and binder since both contain C-H
bonds. The relative band ratios of C=O (at wavenumber 1720 cm- I) to C-H
band (at wavenumber 2870 cm- I) represents the ratio of plasticizer to binder.
A calibration curve relating the plasticizer concentration and band ratio is
shown in Figure 36.
An IR spectra representative of the thin sliced A203-PVB-BBP tape is
shown in Figure 37. The relative band ratios of CO (at wavenumber 1720
cm- 1) to C-H band (at wavenumber 2870 cm- I) were measured again. The
band ratios were converted to the plasticizer concentration according to the
calibration curve. Figure 38 a b ( = ) show a substantial plasticizer
gradient giving evidence that the top surface of the tape was plasticizer rich.
Figure 39 (S =200) displays a random plasticizer distribution pattern through
the depth of the green tape. The data are reproducible from both "top to
bottom rnicrotorning" and "bottom to top microtoming" from samples A and
B. A larger degree of plasticizer distribution deviation was observed between
samples A and C. Plasticizer-rich regions (55 vol. %) and plasticizer - poor
regions 32 vol. %) were observed in all cases.
Figure 3 1 0 displays the plasticizer composition profile for binder PVB-
B-79 under the slower drying rate ( = ). Plasticizer gradient with the same
upper and lower boundaries was observed in the sample.
Figures 311 312 show plasticizer composition profile of PVB-BBP
tapes without A203 powder at 40% and 35% by volume plasticizer
concentration. Plasticizer gradient with the upper (55 vol.%) and lower 32
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vol.%) boundaries was also observed in these samples. In the 35% sample, the
plasticizer richregion was smaller than in the 40% sample. Figure 313 shows
the plasticizer composition profile of PVB-BBP tape with 30% by volume
plasticizer concentration. There is no plasticizer composition gradient across
the tape. The correct plasticizer composition level was also verified.
Figure 314 is a TEM micrograph of the cross section of PVB-BBP
film with 40% by volume plasticizer concentration. It shows larger plasticizer
domains at the top of the tape; and fine grained plasticizer at the bottom of the
tape. The dimensions of the domains varied from 0.8 m to 0 I gm.
Table 32 lists 8's for four plasticizers used in this experiment. Figures
3.15a, b, c and d are the plots of C=O/C-H ratio as functions of tape depth for
Dioctyl Phthalate, BBP, Dibutyl Phthalate and Dimethyl Phthalate green tapes
respectively. Plasticizer gradient is also observed in these samples. As shown
in Figure 316, a larger plasticizer solubility parameter leads to a smaller
difference in C=O/C-H ratios.
3.4 Discussion
One explanation for the plasticizer gradient is based on two component
diffusion and convection during drying 3 The solvent leaves the top surface
by evaporation. The plasticizer flux through the top surface is negligible since
its vapor pressure is so low. The molar flux of plasticizer at any point, z, in the
tape can be written
i = XP (Js + J) -cDP ayaz) Equation 31
where p and J, are the molar flux of the plasticizer solvent, respectively, P
and DP are the mole fraction and diffusivity of the plasticizer, and c is the molar
concentration of solvent and plasticizer. 'Me second term on the right
represents simple diffusion of the plasticizer toward regions of lower
concentration. The first term on the right, however, represents the convective
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flux toward the surface of the tape which always has positive contribution of
solvent flux toward the surface. It is clear from Equation 32 that the solvent
flux convectively carries the plasticizer to the surface where diffusion must
carry the plasticizer back in to the interior of the tape. The diffusion is unable
to overcome the relatively rapid convective flux of solvent because Lewis et al.
141 have measured plasticizer diffusivities in polymers and shown them to be
rather small. Thus, the concentration of plasticizer must be highest at the
drying surface.
Due to the convective flow of solvent model, the concentration profile
should arise such as a higher drying rate leads to higher plasticizer
concentration at the drying surface. However, Figure 39 (S =200) displays a
random plasticizer distribution pattern through the depth of the green tape.
This observation does not fit the convective flow of solvent model.
The concentration profiles shown in Figures 38-3.13 can thus only be
explained by te existence of an immiscibility gap in the BBP-PVB phase
diagram. The 55 vol. % and 32 vol. % regions are the upper and lower phase
boundaries, respectively. Other plasticizer-polymer systems are known to have
a maximum solubility of plasticizer. Studies of Poly (vinyl chloride) polymer
/di-isodecylphthalate (plasticizer) blends with nuclear magnetic resonance
(NMR) techniques show that plasticizer molecules can be m icroscopically
distributed into regions of either high plasticizer concentration or high polymer
[21concentration units . This technique was based on two characteristics of
NMR: the short-range nature of the dipole-dipole interaction and the transport
of spin energy. The manufacturer [61 of PVB suggests that the maximum
recommended BBP content is 40% by volume.
The BBP-PVB-solvent solution is of course, initially single phase.
Immiscibility must occur at some point during drying. The situation is depicted
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in Figure 317 where the immiscibility gap extends to an unknown
concentration of solvent.
Coarsening could be used to explain the variation in second phase size
across the tape thickness observed in Figure 314. Its driving force is the lower
surface energy of the large plasticizer domains compared with the high surface
energy of smaller plasticizer domains. 91 The particle size grows at the expense
of smaller second phase regions. The top surface of the tape dries earlier than
the bottom surface. Therefore, phase separation occurs first at the top and the
plasticizers there has more time to coarsen. As a result, fine-grained
plasticizers increase in average size earlier at the top of the tape and the
plasticizer domain there becomes larger. The second explanation for Figure
3.14 is that larger plasticizer particles with lower density raise to the top under
buoyancy force (Figure 3.18a). Under faster drying condition (S=200), the
time difference in phase separation between the top and bottom of the tape is
minimized. Therefore, the morphology of the second phase under the fast
drying rate is depicted in Figure 3.18b.
The explanations above fit our observation such as under slower drying
rate (S=O), the top surface of the green tape was plasticizer rich (Figures 38);
and under faster drying rate, plasticizer-rich regions distributed more or less
uniformly throughout the tape (Figure 39).
The solubility parameter is defined as:
= AE/V 12 Equation 32
where AE is the energy of vaporization to a gas at zero pressure, and V is the
molar volume. The dimensions of are (cal/cM3)1/2. The relationship between
8 and phase separation (Figure 316) can be explained by using the theories of
thermodynamics of polymer solutions. 'Me n-fixing of plasticizer and binder
can be understood as the interaction between the solvent molecules and
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polymer monomers. The process of dissolving a polymer in a solvent is
governed by the free energy equation:
AF =A H -T AS Equation 33
where AF = the change in Gibb's free energy, AH = the heat of mixing, T = the
absolute temperature and AS = the entropy of ixing. A negative AF predicts
that a process wl occur spontaneously. Since the dissolution of a polymer is
always connected with a larger increase in entropy, the magnitude of the heat
term AH is the deciding factor in determining the sign of the free energy
change. Hilebrand and Scott 101 proposed that
12 VIV, Equation 34AH = M151-52
where V = total volume of the mixture; 1 and 8 are the solubility parameter
of the solvent and polymer; V, and V2 are the volume fraction of solvent and
polymer in the mixture. It may thus be seen that the unit heat of mixing of two
substances is dependent on [51-8,)]2. If the heat of mixing is not so large as to
prevent mixing, then [81-82]2 has to be relatively small. In fact, f 5 1-52 ]2 = ,
solution is assured by the entropy factor. This is mathematically equivalent to
saying that if the values of two substances are nearly equal, the substances
will be miscible.
We were not able to calculate the solubility parameter for PVB
monomer. However, the observation in Figure 316 shows that (3PVB i larger
than of the plasticizer. As a result, least phase separation was observed in
the Dimethyl Phthalate (with the largest 5) green tape. The correlation again
supports the idea that phase separation is occurring in the green tape.
3.5 Conclusion:
Inhomogeneous composition across the tape thickness was studied in
this chapter. For the first time, green tapes are found to be plasticizer-rich near
the top surface under slow drying conditions. Plasticizer-rich regions are
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distributed more uniformly across the tape thickness at faster drying rates.
Molecular weight of the polymer did not affect the iscibility of binder and
plasticizer. This type of phase separation was also observed in other Phthalate
plasticizers. We have discovered that solubility limits correlated with the
solubility parameter for the plasticizer. A larger plasticizer leads to a smaller
degree of phase separation.
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Binder PVB Poly vinyl butyral) 7.110 g
Plasticizer BBP Benzyl Butyl Phthalate 4.309mi
Powder . A120 Particle size: 02-0.5 43.12g
Dispersant, Fish Oil 0.04g
Solvent Toluene 5 ml
Ethyl Alcohol I 11MI
Plasticizer Solubility Parameter 
(cal/cc)112
DiocIvI Phthalate 0.021
Butyl Benzyl Phthalate 0.027
Dibutyl Phthalate 0.032
Dimethvi Phthalate 0.049
Table 31 The composition of green tape for plasticizer gradient measurement.
Table 32 Solubility parameters for plasticizers used in this experiment
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CHAPTER 4
DRYING AND DENSITY MEASUREMENTS
4.1 Introduction
Ceramic green tape is generally considered a composite of ceramic
powder, polymer and plasticizer. In reality, however, gas filled pores exist in
the green tape. The production of multi-layer ceramic devices requires specific
structural properties of the green tapes, such as no density gradient. To
achieve such an uniformity, the optimization of slurry composition is crucial.
Fiori and DePortu III suggested some rules for the preparation of a
tape-casting slurry. These rules are: (1) the plasticizer to binder ratio must be
less than 2 2) the amount of dispersant must be chosen from within the range
where the adsorption is constant, 3 the ratio between organic components
and ceramic powder must be as low as possible, and 4) the amount of solvent
must be fixed at the minimum to ensure a good dissolution of organic
components and a good homogenization for the slurry. An optimized slurry
leads to tapes which satisfy the following criteria: no cracking during drying, a
good cohesion to allow the manipulation of the dried sheets, and good
microstructure.
The drying behaviors of aluminum nitride tape-cast sheets was recently
studied. 2 A high apparent density, a low volume of pores, and a high
resistance to cracking require a low ratio of binder to plasticizer.
The purpose of the current study is to find an optimal way to process
the green tape, so that dewetting and pores could be controlled. The study
emphasized on the relationship between the ratio of binder to plasticizer and
the green tape density. Air flow rates, drying time and tape dewetting were
also examined.
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4.2 Experimental Procedures
'Me composition of the slurry used in this experiment can be
summarized in Table 4 . A203-PMMA-BBP slurry was cast followed by
drying. The "glass rod table" (Figure 4 ) E31 was used for tape casting. A
piece of microscope glass served as the substrate. The thickness of the tape
could be adjusted by the height between the top and bottom plates with the
height adjustment screws. For more accuracy, a tape caster was then used for
tape casting. A six by eight inch glass plate was the substrate. Samples A, ,
and C were produced by using these two techniques.
Immediately after casting, the wet tape was placed under a microscope,
so that its thickness was measured through the drying. We chose the uniform
central square region for this thickness measurement, due to the small
deviation in thickness (5 trn difference across the square region). At the same
time, a balance was used to weigh the tape during its drying (Figure 42 ""
As a result, the intermediate densities of the tape, its thickness reduction and
its pore volume fraction were calculated from its final density, thickness and
weight during drying. This whole setting was enclosed in a Polyethylene bag,
where N, flew through.
We have developed three methods to measure the final green tape
densities. (1 a piece Of _CM2 square shaped green tape sample was cut from
the center region. Its thickness (with a micrometer) and its weight were
measured. 2 to obtain a more accurate area measurement, this piece of green
tape sample was photographed and then its print was enlarged. We calculated
the area of the green tape sample using the enlargement ratio and the area of
the larger print. 3 Mercury porosimeter [51 was also used to verify the green
tape densities.
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The theoretical density of the green tape was calculated assuming that
there was no porosity remaining:
Densitymeoy = WtPwdr + WtBinder + WtP1atiied/(VPowder + VBinder
+ Vp1asticized Equation 41
Three different drying rates 6 S =0 feet/niin; S =100 feet/min; and 
=200 feet/min) were used for sample C. Its final densities under these rates
were also measured.
4.3 Observations
Figure 43 is a representative plot of green tape weight loss during its
drying for sample B. 80% of the solvent weight loss occurred during the first
quarter of the drying time. The last 7% of the solvent was removed during the
second half of the drying time.
Figure 44 is a schematic of the wet tape on the icroscopic glass
substrate 10 inutes after casting. Dewetting occurred when 50% of the
solvent was removed.
Figure 45 is a plot of thickness reduction vs. weight loss for samples B
and C. 'Me initial sample thickness was 500 tm. Thickness reduction was
larger for sample B than that of sample C for the same amount of solvent
weight loss. The data were reliable due to the high degree of reproducibility.
Table 42 includes the density measurements of PVB-BBP tape with
35% (vol.) and 30% (vol.) plasticizer concentration. There is 06% difference
in their experimental densities.
Table 43 summarizes the final densities and drying times for these
three samples. Sample C contained the most plasticizer, and its drying time
was the shortest. The density trend was consistent with Figure 45 such that
the higher the polymer concentration of the sample, the less porosity it had.
The density difference between sample C and sample A is 66%.
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Table 44 summarizes the density and dewetting results for sample C.
The three density measurement techniques provided a consistent trend such
that a faster drying rate resulted in less density in the final green tape. Under 
= 200 feet/min, final green tape density was 8% less than that under stagnant
air. On the other hand, the faster the drying rate, the more dewetting occurred
in the green tape.
Figure 46 is a plot of tape densities during its drying. The densities of
sample matched well with the theory. The densities of sample C started to
deviate from the theory when 30% (weight) of the solvent remained. The
results were reproducible, for three repeated experiments. As 30% of the
solvent remained in the tape, the volume fraction of the organic component
was 72.4%; the composition of the organic phase (by weight) was: PMMA
23.5%, BBP =21.5% and solvent = 55%.
Figure 47 shows the pore volume fraction as a function of the solvent
remaining for sample C. Again, when 30% of the solvent remained, porosity
increased to 22% by volume and stayed at this level through drying.
Dewetting still occurred at the edge of the tape as we switched to use
the tape caster. However, the area of the glass plate was big enough so that
the central square region was assumed unaffected. Figure 48 summarizes the
in situ density measurements for samples A, and C. This again demonstrated
that sample A correlated the most with the theory; sample C deviated most
from the theory. Figure 49 summarizes three repeated in situ density
measurements for sample C. The reproducibility also verified the above result.
4.4 Discussion
Dewetting occurred 10 minutes after casting. This is an indication of
the slurry particles' movement during the early stage of the drying. After 50%
of the solvent is removed, slurry particles are stationed, due to their high
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viscosity. Because of the small area of the microscope glass, the central square
region could be affected by such a particle movement. As a result, the sample
thickness and weight data are only considered after the removal of 50% of the
solvent.
High surface tension is evidence of dewetting. The surface energy of
the substrate must be greater than the sum of the surface tension of the slurry
and the substrate for a slurry to spread 9 If the surface tension of the slurry
was too high, the slurry would not spread evenly. A high drying rate caused an
inhornogeneity in solvent distribution, which resulted surface tension gradient
across the tape length. The retraction of the tape (or dewetting) occurred,
when it experienced such a surface tension gradient in different directions.
The observations in Figures 45-4.9 indicate that a low polymer to
plasticizer ratio resulted in low green tape density. Such a reduction in green
tape density 66%) is not caused by the addition of plasticizer (Density
reduced 06% for 5% vol. plasticizer concentration increase.). The effect of
plasticizer on binder was the cause for the decrease in density. The lower-
molecular-weight organic specie plasticizer was an additive that intimately
mixed with the binder as a single material. The plasticizer disrupted the close
aligning and bonding of the binder molecules, thereby increasing the flexibility
of the material. The plasticizer tended to reduce the strength of binder while
softening it 7]. Figure 410 shows the variation of the tensile strength of an
Alumina green sheet as a function of plasticizer concentration, which proves
that the plasticizer additions significantly decreased the tape strength.
The vaporization of the solvent left vacancies inside the slurry.
Ceramic particles which embedded in the binder matrix, rearranged themselves
to fffl up these vacancies. A binder matrix with excessive plasticizer (sample
Q could not provide the particles enough strength. As a result, the particle
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rearrangement was slower than the solvent vaporization and porosity were
created. Under a faster drying rate, the particle rearrangement was slow
enough, so that porosity could be created as well.
4.5. Conclusion
We have made the first in situ density measurements of a drying tape.
The drying behavior and densities of tapes with three different polymer to
plasticizer ratios were studied. Green tapes with different drying rates were
also examined.
80% of the solvent weight loss occurred during the first quarter of the
drying time. The "glass rod table" casting method was not an effective way for
tape casting, because the microscope glass area was small enough so that
dewetting at the tape edge affected the central region. Figures 45 to 49
indicated that the higher polymer to plasticizer ratio resulted in high green tape
density. Green tape A PMMA:BBP = 18:1) had a final density = 2.57 ±
0.02) g/CM3, which was almost consistent with the theory 2.56 g/CM3). Its
densities during drying also demonstrated the most correlation with the theory.
Green tape C (PMMA :BBP = 11) deviated most from the theory, with 22%
by volume porosity remaining as it dried. Its final density was 2.40 ± 002)
g/CM3. For the same initial thickness, the drying time for sample C was 16%
less than that of sample A. Dewetting and low final density occurred when a
tape was dried under the faster drying rate (S = 200 feet/min).
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Binder: PNINIA Polv(methvi methacrviate) -
Plasticizer: BBP BenzvIButvlPhthalate
Powder: A1101 (Particle size: 02-0.5 um)
Dispersant: Fish Oil
Solvent: Toluene
Solvent:powder:oryanic = 6.8: 1 I ol.) -
PNINIA:BBP = 1.8:1 (ol.) Sample A
PNINIA:BBP = 1.5:1 (ol.) Sample 
I PNIMA:BBP = 1 I (Vol.) ,Sample C
BBP Concentration (Vol.%) Theoretical Density (g 3),,/cm3) Experimental Density igcm
30% 1.168 1.150 ± 0029
35% 1.163 - - - - 1.143 ± 0032
Table 41 Composition of green tape for insitu density measurements.
Table 42 PVB-BBP tape densities.
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Binder Plasticizer Vol.) Green TaDe Densitv ivcm3) DrvinL Time iNfin.)
1.8: 2.57 0.02 200
1.5:1 2.54 0.03 180
1:1 2.40 1.02 169
Table 43 Final densities and dyingy times for samples A. and C.
Drying Rate (Linear Gren Tape Dewetting
Air Velocitv: ft/min) Densitv Pcm3)
Square Hg Photo
= 2-55 009 2.47 0.03 2.53 ± 003 No
= 100 2.41 ± 0.08 2.45 0.02 2.42 ± 002 Yes (slightly)
= 0 2.39 ± 003 2.44 0.04 2.33 ± 003 Yes (severeiv)
Table 44 A summary of density and dewetting for sample C under different drying
rates.
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CHAPTER 
CONCLUSION AND FUTURE WORK
5.1 Major Conclusions
This project investigated the relationship between processing and
microstructure of tape cast green sheets. Plasticizer distribution across the
tape thickness was measured. The drying behavior and densities of tapes with
three different polymer to plasticizer ratios were studied. Green tapes with
different drying rates were also examined. The major conclusions and
accomplishments of this research are summarized below.
1. We have made the first in situ density measurements of the drying
tape. During drying, a microscope was used to measure the tape thickness;
and a balance was used to record its weight. As a result, the inten-nediate
densities of the tape, its thickness reduction and its pore volume fraction were
calculated from its final density, thickness and weight during drying. We found
that the higher the polymer to plasticizer ratio, the less porosity existed in the
dried tape. Green tape A PMMA:BBP = 18:1) had a final density = 257 ±
0.02) g/CM3, which was almost consistent with the theory 256 g/CM3) ts
densities during drying also demonstrated the most correlation with the theory.
Green tape C (PMMA :BBP = 11) deviated most from the theory, with 22%
by volume porosity remaining as it dried. Its final density was 240 ± 002)
g/CM3. Dewetting and low final density occurred when a tape was dried under
a faster drying rate (S = 200 feet/min).
2. We developed method for measuring composition gradients on the
0.7 gm scale, this has never be done before for green tapes. Each microtomed
thin section was analyzed using FrIR-M to measure the absorption intensity of
unique absorption bands for the plasticizer and binder. The plasticizer
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concentration as a function of depth from the tape surface was determined by
measuring the absorption intensity of each band.
3. We found evidence for the first time for phase separation in PVB-
BBP system. Green tapes were found to be plasticizer-rich near the top
surface under slow drying conditions. Plasticizer-rich regions were distributed
more uniformly across the tape thickness at faster drying rates. The upper
boundary was 55% by volume plasticizer concentration, and the lower
boundary was 32% by volume plasticizer concentration.
4. Phase separation occurs when other plasticizers are used such as
Dioctyl Phthalate, Dibutyl Phthalate and Dirnethyl Phthalate. We also
demonstrated for the first time that the solubility lmits between the binder and
plasticizer correlated with the solubility parameter for the plasticizer.
Plasticizer with larger solubility parameter resulted smaller degree of phase
separation in the PVB green tape.
5.2 Industrial.Applications
The plasticizer and polymer phase separation phenomena has not been
reported to our knowledge in the context of tape-casting formulations. The
implications for devising tape casting formulations are that truly homogeneous
tapes can not be formed if the binder phase actually is composed of two
phases. This situation is particularly serious if the phases completely separate.
In this case, the top of the tape differs significantly in composition and physical
properties from the bottom. he resulting anisotropy considerably complicates
manufacture of multilayer devices. To inimize the above problem, we
suggest a plasticizer that is more soluble with the binder. In other words, the
plasticizer should have a solubility parameter closest to that of the binder. For
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example, in the PVB binder system, Dimethyl Phthalate is more recommended
than BBP.
To reduce the porosity in the green tape, moderate high polymer to
plasticizer ratio and slow drying rate are recommend. For example, in the
PMMA-BBP system, the binder to plasticizer ratio should not be lower than
1.5 :1 by volume.
5.3 Suggestions for future work
1. More details of the ternary phase diagram of the solvent-plasticizer-
binder system should be investigated.
2. The solubility parameter of PVB monomer should be estimated.
3. Other techniques such as NMR should be used to verify the
plasticizer-binder phase separation.
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